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Abstract

This paper presents the results of using a
new technique for shaping inputs to a model
of the space shuttle Remote Manipulator Sys-
tem (RMS). The shaped inputs move the sys-
tem to the same location that was originally
commanded, however, the oscillations of the
machine are considerably reduced. First, an
overview of the new shaping method is pre-
sented. Second, a description of Draper Lab-
oratories’ RMS model is provided. Third, the
problem of slow joint servo rates on the RMS is
accommadated with an extension of the shap-
ing method. Lastly, the vesults and sample
data are presented for both joint and three-
dimensional cartesian motions. The results
demonstrate that the new shaping method
performs well on large, telerobotic systems
which exhibit significant structural vibration.
The new method will be shown to also result in
considerable energy savings during operation
of the RMS manipulator.

Introduction

Control of machines that exhibit flexibility becomes
important when designers attempt to push the state
of the art with faster, lighter machines. Many re-
searchers have examined different controller config-
urations in order to control machines without ex-
citing resonances. The input commands to these
closed loop systems are “desired” trajectories. Of-
ten they are step inputs or trajectories that the ma-
chine cannot closely follow—especially if the com-
mands are from human operators. The controllers
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treat the inputs as disturbances and try to elimi-
nate the resulting oscillations. In fact, the energy
which goes into a system in the form of unknown
disturbances is typically small when compared with
the energy inserted by the servo systems. Because
we know quite precisely the character of the energy
from the servos, we should be able to regulate it so
that it does not cause vibration.

The approach of command shaping is designed
to reduce the problems for the controller by alter-
ing the shape of the desired trajectory (teleoperator
commands). The new, shaped trajectory is close to
the original trajectory but does not cause vibration.
In this paper a brief overview of vibration reduc-
tion contro! techniques is presented first. Second,
input-shaping techniques are discussed. Third, a
new method of residual vibration reduction is out-
lined. Fourth, Draper laboratories’ software model
of the space shuttle RMS (called the DRS) is dis-
cussed. This discussion will be used to motivate
some extensions to the new method so that it may
be used on teleoperated systems with slow servo
rates. The remainder of this paper will then present
the results of a series of experiments that were per-
formed on the DRS.

Vibration Reduction

Many researchers have examined feedback ap-
proaches to the control of flexible systems. Can-
non and Schmitz [5], and Hollars [10] have exam-
ined the feedback of endpoint position measure-
ments from a manipulator. Book [4] and Alberts
[1] have examined feedback of strain gage measure-



ments. Yurkovich [13] has examined acceleration
feedback techniques for residual vibration reduc-
tion. Another approach is to include additional
damping into the structure with additional actu-
ators. Plump, Hubbard, and Bailey [18] examined
the use of piezoresistive polymer films. Crawley [7]
examined the use of a distributed array of piezoelec-
tric devices for actuation on a structure. A more
complete review of the control of flexible machines
literature is given in Singer [19].

Feedforward or Command Shaping

The earliest form of command preshaping was
the use of high-speed cam profiles as motion tem-
plates. These input shapes were generated so as
to be continuous throughout one cycle (ie. the cy-
cloidal cam profile). Another early form of setpoint
shaping was the use of posicast control by O.J.M.
Smith [22]. This technique involves breaking a step
of a certain magnitude into two smaller steps, one of
which is delayed in time. This results in a response
with a reduced settling time.

Optimal control approaches have been used to
generate input profiles for commanding vibratory
systems. Junkins, Turner, Chun, and Juang have
made considerable progress toward practical solu-
tions of the optimal control formulation for flexi-
ble systems [12][11][6]. Gupta [9], and Junkins and
Turner [12] also included some frequency shaping
terms in the optimal formulation. The derivative of
the control input is included in the penalty function
so that, as with cam profiles, the resulting functions
are smooth.

Farrenkopf [8] and Swigert [23] demonstrated
that -velocity and torque shaping can be imple-
mented on systems which modally decompose into
second order harmonic oscillators. They showed
that inputs in the form of the solutions for the
decoupled modes can be added so as not to ex-
cite vibration while moving the system. Another
technique is based on the concept of the computed
torque approach. The system is first modeled in
detail. This model is then inverted — the desired
output trajectory is specified and the required in-
put needed to generate that trajectory is computed
[2][17].

Another approach to command shaping is the
work of Meckl and Seering [14] [15]. They investi-
gated several forms of feedforward command shap-
ing. One approach they examined is the construc-

tion of input functions from either ramped sinusoids
or versine functions. This approach involves adding
up harmonics of one of these template functions
in order to approach a time-optimal input. The
harmonics that have significant spectral energy at
the natural frequencies of the system are discarded.
Aspinwall [3] proposed a similar approach which in-
volves creating input functions by adding harmonics
of a sine series. Singer and Seering [20] investigated
an alternative approach of shaping a time optimal
input by acausally filtering out the frequency com-
ponents near the resonances.

Brief Introduction to the New Shaping
Method

A full derivation and analysis of this method can
be found in Singer and Seering [21, 19]. Essentially,
this technique involves generating an impulse in-
put sequence (4 command consisting entirely of im-
pulses). The criterion for generating this sequence
is that it should move an idealized system (a sys-
tem with the same resonant frequency and damp-
ing ratio as the system that is intended to be con-
trolled) without vibration. The reason that the
system is considered idealized is because impulses
are not physically realizable. The signals that are
eventually given to the real system will not con-
tain impulses and will, therefore, be realizable. An
example of such an idealized sequence is shown in
figure 1. If these two impulses are used as input
to the ideal system, the oscillations of the system
cancel and the system moves without vibration.

Singer [19] shows that the two-impulse input
shown in figure 1 can be obtained by satisfying the
equations
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where A; is the amplitude of the jth impulse, t; is
the time of the jth impulse, and #,,,, is the time at
which the sequence ends (time of the last impulse),
for the case when N = 2. The first impulse time
and amplitude (¢; and A) are not free variables.
The time of the first impulse is fixed at zero and
its amplitude can be arbitrarily chosen — linear-
ity guarantees that the solution will scale with the
value of Ay. This leaves two equations with two
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Figure 1: The two impulses shown, when given to
an idealized system produce the two impulse re-
sponses shown. By superposition, the net response
is that of the bottom plot.

unknowns (A2 and t3) which is solved in figure 1.
Note that the amplitudes of the impulses were nor-
malized so that they sum to unity.

Figure 2, however, shows that system response
is extremely sensitive to variations in the natural
frequency of the system. If a small uncertainty
in the natural frequency exists (because of hard-
ware considerations or nonlinearities) a great deal
of residual vibration may be induced. On the plot
of figure 2 this appears as a large error percentage
for small excursions in the nondimensional natural
frequency. A five percent level is indicated on the
plot as a reference. An oscillation of less than five
percent is often considered a fully “settled” system.
The vibration error curve that is shown is a plot of

C

where C is a system-specific constant.

_ This two impulse sequence lacks robustness.
However, some additional constraints can be added
when generating an impulse input sequence for the
idealized system. The first constraint to be added is
a requirement that the residual vibration error (the
percentage of the move distance that becomes resid-
ual vibration) change slowly for uncertainties in the
natural frequency and damping ratio of the system.

55

Rasidual Vibration
{% of Move Distance)
100 —

zota = 0
— -Zotax= .05

8% Level
7 1 1

16 (_:;_} 2

Figure 2: Plot of residual vibration amplitude (ex-
pressed as a percentage of the move distance) vs.
the system’s actual natural frequency. The impulse
sequence is designed with the assumption that the
system’s natural frequency is unity (nondimension-
alized).

Figure 3 shows the resulting impulse sequence and
the corresponding vibration error curve. Note that
the slope of the vibration error curve at the antici-
pated natural frequency of the system (w/wg = 1) is
zero. This can be interpreted as a form of robust-
ness. As the frequency of oscillation varies from
w/wg = 1, the vibration that is incurred at the end
of the move does not significantly increase. The
mathematical constraint for the additional robust-
ness is given by

I\I
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By adding these two equations, a total of four equa-
tions are now solved simultaneously. Because four
unknowns must be present, N can be increased to
3, thus adding one additional impulse and two ad-
ditional unknowns (A3 and t3). The solution of this
system of equations is shown in figure 3.

‘This approach can be carried further by adding
additional constraints and generating sequences
with greater robustness and/or sequences for sys-
tems with multiple modes.[21]

The next step is to use this impulse sequence as
a shaping template for input functions. Just as the
single impulse is the elemental building block for ar-
bitrary functions, the impulse sequence can be used
as a building block for arbitrary vibrationless func-
tions. The method for using the impulse sequence
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Figure 3: Top: Three-impulse input—designed to
have a vibration-error expression which is both zero
and tangent at the expected system natural fre-
quency, wo. ¢ is the expected damping ratio. Bot-
tom: Residual vibration amplitude (expressed as
a percentage of the move distance) vs. the sys-
tem’s actual natural frequency. The impulse se-
quence is designed with the assumption that the
system’s natural frequency is wo.
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is to convolve it with any desired system input or
trajectory. The resulting system response is similar
to the requested trajectory but results in little or
no residual vibration. This fact is offered without
proof here, but is documented in [21, 19]). It is im-
portant to note that the signals that are sent to the
system do not contain impulses once the convolu-
tion is performed. The signals are now physically
realizable (assuming that the requested trajectory
is physically realizable). At this point the restric-
tion on needing an idealized system is dropped and
the real system may be commanded. In addition,
since the sequence consists of just three impulses,
computation of the command signal is trivial.

The DRS Space Shuttle Manipulator
Model

Next, a detailed model of the Space Shuttle Re-
mote Manipulator System (RMS) was adapted for
this research. C. S. Draper Laboratories devel-
oped this complex model which they call the DRS
(Draper Remote-manipulator Simulation). NASA
uses the DRS to verify and test payload opera-
tions on the actual shuttle. The Draper shuttle
manipulator model includes many of the compli-
cating features of the hardware shuttle manipula-
tor such as stiction/friction in the joints; nonlin-
ear gearbox stiffness; asynchronous communication
timing; joint freeplay; saturation; and digitization
effects. The simulation was verified with actual
space-shuttle flight data. Excellent agreement was
obtained both for steady-state and for transient be-
havior. Approximately ten man-years of program-
ming was invested in this model in order to as-
sure that it accurately represents the actual shuttle
hardware. It consists of approximately 14,000 lines
of FORTRAN code (with 11,000 additional lines of
comments).

The model was executed with twenty-two de-
grees of freedom. These include three rotational
degrees of freedom for the space shuttle, five vibra-
tional modes in each of the two long links, freeplay
at the swingout joint and grapple point (between
the arm and the payload), and seven degrees of free-
dom of the arm. The five vibrational modes in each
long link are comprised of a first and second bend-
ing mode in two perpendicular directions, and one
torsional mode. The four bending modes are mod-
eled using an assumed cubic mode shape (figure 4).

This model was ideal as a test facility. It pro-



vided a repeatable, realistic environment for test-
ing vibration suppression techniques. New con-
cepts could be easily implemented in software with-
out risking hardware. Additionally, new techniques
could be inserted into the model at any location.
On real hardware it is often difficult to implement
a new concept because specialized hardware would
either have to be altered or constructed.

First, a series of frequency tests were per-
formed on the DRS model in order to understand
the nature of its geometric nonlinear behavior. As
the RMS moves throughout its workspace, its pe-
riod of oscillation changes. An example of a map
of natural frequency vs. joint angle is shown in fig-
ure 5. Note that the frequency of the first mode
changes by approximately a factor of two over the
workspace (when no payload is present). In ad-
dition the frequency shift is shown to be smooth
and continuous. This fact is beneficial because the
robustness of the new technique can accommodate
reasonable shifts in frequency.

One obstacle to the use of the input shaping
technique presented above on the DRS is the slow,
.08 second servo rate of the RMS. The new tech-
nique assumed that both the amplitude and time
of the impulse sequence could be precisely set. The
next section discusses the effect of digitization and
presents an alternative approach for generating a
robust input shaping sequence.

Digital Implementation

The derivation presented above assumed that the
timing of the impulses (the times at which the re-
quested input is repeated into the system) could
be specified exactly. If the system is digital, the
spacing of the impulses is at fixed intervals — mul-
tiples of the sampling rate. Figure 6 demonstrates
this problem assuming that a three impulse input is
used. The middle impulse falls directly in between
two sampling intervals. This causes a timing error.
This section evaluates how well this technique fares
when the sampling induced error 6§ becomes large.

The vibration error due only to digitization can
be calculated. The expression for the vibration am-
plitude that is induced by the digitization of the
system is

&t
Error = m y

where 6t is the sampling period, and AT is the half-
period of the damped natural frequency of the sys-
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Figure 4: Space shuttle remote manipulator system
joint reference coordinates.
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Figure 5: The first mode of the unloaded RMS as a
function of shoulder pitch and elbow pitch. Shoul-
der yaw is fixed at 0° (the arm is moving in a ver-
tical plane which includes the longeron).
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Figure 6;: The problem of shaping inputs to digital
systems. Top is the desired sequence. Middle: The
digital timing of the system requires that the im-
pulses do not all line up with the sampling intervals.
Bottom: If the closest digital approximation is used
(rounding to the nearest sampling interval), the im-
pulse sequence is essentially translated as shown.
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tem (the impulse spacing). This expression is de-
rived in [19]. If this fraction is small for a particular
digital system, then the digitization of the system
can be ignored, and the impulses can be moved to
the nearest sampling interval without inducing a
significant vibration penalty. Small values for the
error are typically less than 5% — 10% (correspond-
ing to a 5% — 10% vibration of a digitized simple
harmonic oscillator commanded with a step).

Sequences for Digital Systems

Once it has been determined that the error due
to digitization is unacceptably large, a new form of
the input sequence must be generated. This input
sequence is constructed from impulses which occur
at integral multiples of the sampling interval.

Figure 7 shows a sequence generated for the
space shuttle RMS by solving the four equations
(1 and 2) which were used to generate the three-
impulse sequence shown in figure 3 with the ad-
ditional constraint that forced the impulses to oc-
cur at multiples of the sampling period. Because
the same design criteria are met, this five impulse
sequence has the same vibration-reducing and ro-
bustness properties of the three impulse sequence
derived above. The additional impulses adjust for
the timing constraints. Essentially, several impulses
that have been constrained to be on sampling inter-
vals are adding to form the impulse that we would
like to have had which is not on a sampling interval.

Solving for the Sequence

Because there are more unknowns in this solution
than constraint equations, a minimization routine
was used to generate the impulse sequence of fig-
ure 7. First, an impulse amplitude (A;) was as-
signed to each sampling interval of the digital sys-
tem. The length of the system was chosen (in fig-
ure 7 the length is 22 — 1.76 seconds at .08 sec-
ond sampling) The values for the A; are then de-
termined using a simplex algorithm. The second
derivative expression of equation 1 with respect to
w, given by:

/\I

3 Aj(tj) e ¢Wlenat) gin (tjm/ 1- c?) = 0
=1

N ()
Z A;(t;) e CWltena=t) cog (tjw\/ 1- {2) =9
J=1

is then minimized subject to the following con-
straints:



Magnitude
0.35

03
0.25
0.2
0.15
0.1

0.05
0 A

1.68
Time

Figure 7: Robust digital sequence. This sequence
meets the constraint that requires that the sys-
tem have no residual vibration when the input has
ended. Additionally, this sequence meets the ro-
bustness constraint that requires the rate of change
of the vibration with respect to changes in natu-
ral frequency be zero. Therefore, small uncertain-
ties in the parameters of the system (ie. natural
frequency) do not cause an appreciable increase in
residual vibration.

e The sinusoidal part of the vibration amplitude
expression equals zero (the first equation of 1).

e The cosinusoidal part of the vibration ampli-
tude expression equals zero (the second equa-
tion of 1).

e The sinusoidal part of the first derivative ()
expression equals zero (the first equation of 2).

e The cosinusoidal part of the first derivative

(-d%) expression equals zero (the second equa-
tion of 2).

e The magnitude of the impulse amplitudes must
be less than a limit (A; <= Limit)

e The sum of the impulse amplitudes are unity.

Note that many of the amplitudes will be zero.
The length of sequence (N in the equations above)
is reduced until the constraint equations can no
longer be satisfied. In the space shuttle example,
22 was the shortest sequence length for which a so-
lution was possible. The resulting solutions are the-
oretically exact. If the system were to be exactly as
.~ modeled, the response to the input would be totally
without vibration. The digital timing of the system
is already included in the derivation, therefore, the
digitization does not alter the vibration-reducing
effects.
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Figure 8: Comparison between the RMS con-

troller and a controller that shapes inputs with a
three-impulse equivalent sequence.

Results on the DRS Model

The shaped command of the previous section was
next tested on the computer model of the Space
Shuttle Remote Manipulator System (RMS). Fig-
ure 8 shows a comparison between the response of
the DRS using the current shuttle RMS controller
and the response of the DRS using an input that
was shaped by the sequence of figure 7 as a velocity
input. The requested (unshaped) input was a step
to maximum velocity followed by a step back to
zero velocity. The residual vibration is reduced by
more than one order of magnitude (a factor of 25)
for the unloaded shuttle arm. Comparable results
were obtained for a variety of moves tested.

Multiple Joint Actuation

Linear Systems

One important question that must be addressed in
using this technique is the effect of simultaneously
shaping inputs to two separate joints of a machine.
The technique would be of limited utility if it could
only be used on single joint machines. This last
section will discuss the effect of shaping several ma-
chine inputs simultaneously.

Because the resonances of the system are con-
figuration dependent and are independent of the
joint that is to be actuated, only one shaping se-
quence is used on all of the joints of a system. Addi-
tionally, Singer [19] shows (for linear systems) that
the shaping of inputs for one axis of a machine can-
not interfere with the shaping at any other axis.




Vibrationless Cartesian Motion from

Non-Cartesian Machines

When the system that is to be controlled is a
cartesian machine, the technique presented above
applies. However, often the system is not carte-
sian and, therefore, straight line motion must be
achieved by computation of joint trajectories for
cartesian motion. The problem that will be ad-
dressed in this section is the effect of shaping on
the overall endpoint trajectory of the machine.

Two main approached have been examined.
The first was to determine the straight line joint
trajectories that would be required assuming that
the signals were not to be shaped. Next, these
joint trajectories were shaped so that they become
vibration-reducing. The advantage of this approach
is that the vibration control is the best possible
(keeping all other factors constant). The disad-
vantage is that the trajectories are not theoreti-
cally exact straight line trajectories. However, the
original “straight-line” trajectories are not perfectly
straight either [16]. Intermediate points are com-
puted on a straight-line trajectory and non-straight,
joint-interpolated motion is used between these
points. Therefore, cartesian trajectories in prac-
tice are only as straight as the available computa-
tion allows (Paul [16] states that joint-interpolated
motion requires roughly 1% of the computation of
cartesian motion). Shaping the trajectory does not
significantly alter the cartesian nature of the input,
especially as more intermediate points are used.
Additionally, since the shaped trajectory does not
have the unwanted vibration in the output, the ac-
tual endpoint position will most likely be closer to
“straight” than the unshaped trajectory. (If the vi-
bration was not causing problems, shaping would
never have been considered for that system!)

The second approach is to shape the cartesian
trajectories and then convert them to joint trajec-
tories. This approach guarantees that the trajecto-
ries will be as straight as possible (keeping all other
factors constant). The drawback of this approach
is that the vibration reduction is slightly degraded.

For the DRS space shuttle manipulator model,
the first configuration was used. The joint trajec-
tory was calculated from the commanded cartesian
motion from the teleoperator. Next, the joint tra-
jectories were shaped at each joint with the same
shaping sequence. Figure 9 shows a cartesian move
on the space shuttle arm. The joint trajectories
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Figure 9: Cartesian motion of the shuttle manipula-
tor. The command to the shuttle was a straight-line
motion (step) in the y direction. The dashed line
is the unaltered RMS controller. The solid line is a
shaped input. The data is shown is motion in the y
direction. The next figure shows the x and z motion
during the same move.

are calculated first and then are shaped. The plot
shows the motion in the y-direction. Figure 10
shows the x and z direction motion for the same
cartesian move. The command is only in the y-
direction. These plots demonstrate that even with-
out the preshaping, the shuttle’s “cartesian” mo-
tion is not straight, and the vibration amplitude ef-
fects the straightness of the motion to a much larger
extent than the alteration of the joint trajectories
caused by shaping.

Figure 11 shows a comparison of the energy
consumed by the shuttle manipulator during the
two moves. A 20% savings in energy was realized
by not inducing vibration in the arm. This energy
savings has significant implications for space sys-
tems like the shuttle and space station. Since en-
ergy in space is expensive (the shuttle, for example
must carry its own fuel) the energy savings alone
may justify shaping of the command input for the
reduction of vibration.
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